Abstract-This paper presents design considerations for highresolution and high-linearity ADCs for biomedical imaging applications. The work discusses how to improve dynamic specifications such as Spurious Free Dynamic Range (SFDR) and Signal-to-Noise-and-Distortion Ratio (SNDR) in ultra-low power and high-resolution analog-to-digital converters (ADCs) including successive approximation register (SAR) for biomedical imaging application. The results show that with broad range of mismatch error, the SFDR is enhanced by about 10 dB with the proposed performance enhancement technique, which makes it suitable for high resolution image sensors sensing systems.
I. INTRODUCTION
Image Sensors are increasingly becoming "Key Devices" for a broad range of products, such as medical, measuring instruments, robot vision, specialized surveillance cameras, broadcast and other industrial applications, etc, where wide dynamic range, high sensitivity, high frame rate and low noise are vital specifications to realize the best possible imaging and sensing performance. For example, CMOS image sensors can achieve over 100 dB of simultaneous-capture wide dynamic range (SCWDR) [1] . In general, development of high-resolution and wide dynamic range sensors is limited by several factors, such as vertical and horizontal readout circuit, analog to digital conversion, and data output from the sensor, then putting forward high demands on column analogto-digital converters (ADCs), which is crucial unit to ensure sufficient vertical readout period in image sensor as shown in Fig. 1 [2] , as results, high-performance ADCs have been essential for the development of highly sensitive, stable, and robust image sensor applications [3] , furthermore, high performance image sensors often require the ADCs with on-chip capacitor mismatch calibration for the purpose of maintaining high-resolution at a very low sampling rate. Usually, precision of ADC in image sensors should be at least 12 bits, even 14-bits [2] , [4] , [5] .
Charge redistribution SAR ADC consumes much less power compared with other types of ADC, in charge redistribution SAR ADC, the limited factor is mostly due to the capacitor mismatch. The resolution and its static and dynamic perfor- mance mostly depend on how well the match of the capacitor array. For SAR ADC, the ADC is composed of capacitors sized to produce ratios in powers of 2, or binary ratios, then errors of these ratios correspond to errors in conversion, then the largest source of the ADC error is the process variation of capacitor ratios. Several related self-calibration techniques [6] and [7] were proposed to correct capacitor ratio errors by employing additional auxiliary calibration sub-DAC for measuring and storing the capacitor matching errors into digital memory. During the subsequent conversion cycles, these data are used to correct the digital output codes digitally, since the foreground capacitor mismatch calibration is only performed during power on, no extra latency or clock cycles are introduced, but the auxiliary calibration DAC must work all the time to compensate the mismatch error of each capacitor, which consumes a lot of power. In this work, we present a modified self-calibration method that eliminates this limitation, auxiliary DAC is only applied to measure and sort the capacitors, and does not work during the normal conversion, as a result, power can be reduced during the normal conversion. Simulation results show that with broad range of mismatch error, the SFDR is enhanced by about 10 dB and the SNDR is 5 dB better with the proposed technique for a 14-bit SAR ADC. The remainder of this paper is organised as follows. Section II describes circuit architecture. Section III gives detailed description about the capacitor rearrangement technique proposed, then Section IV compares the performance between conventional and capacitor rearrangement technique proposed. The conclusions are finally drawn in section V. Fig. 2 shows the block diagram of the conventional 14-bit differential combined capacitor-resistor SAR ADC, binary weighted capacitive DAC is employed as DAC for 6-bit main DAC, the less significant bits are provided by a 8-bit resistorstring sub DAC.
II. SAR ARCHITECTURE
In SAR ADC, the error of the largest capacitor will be huge compared to the small one, which is hard to predict and control, accordingly, unit element architecture may be an appropriate choice for the SAR ADC in consideration of static and dynamic linearity [8] . Here, linearity is much more important than the power consumption, for example, the power of analog front end always reaches tens of mW [9] , while the power of ADC is always only an order of µW [7] , [10] . 
III. CAPACITOR REARRANGEMENT TECHNIQUE
In this section, the capacitor rearrangement technique will be discussed based on the main 6-bit capacitive DAC of capacitor-resistor combined SAR ADC in Fig. 2 . Fig. 3 shows the capacitor rearrangement technique proposed. As well known, the conventional 6-bit binary weighted charge redistribution DAC contains 64 unit capacitors, as shown in Fig. 3(a) , here, unit element architecture is applied to ensure excellent static linearity, as shown in Fig. 3(b) , then, measuring values of all the 64 capacitors by the measurement auxiliary DAC in Fig. 4 , after measuring the values of all 64 capacitors, sorting the 64 capacitors from biggest to smallest, in Fig. 3(c) , C 64 is the smallest and the C 1 is the biggest one, then the most important point is: the 64 capacitors (from C 1 to C 64 ) are re-arranged by "one first and one last", which means the first capacitor C 1 is followed by the last capacitor C 64 , then the third capacitor C 2 is followed by the last but one capacitor C 63 , as shown in Fig. 3(d) , finally, the re-ordered capacitors proceed with the normal binary search conversion, and the auxiliary measurement sub-DAC enters into idle mode to save power. Finally, the block diagram of 14-bit SAR ADC with capacitor rearrangement technique is shown in Fig. 4 , auxiliary sub-DAC is introduced to measure the value of each unit capacitor, FFT simulation results for 14-bit SAR ADC with respectively Conventional and rearrangement technique with σu=0.1% (left) and σu=0.2% (right).
but not works during normal conversion.
IV. SIMULATION RESULTS
To evaluate the improvement on the SFDR and SNDR of 14-bit capacitor-resistor combined ADC, a behavioral model of a capacitor-resistor combined 14-bit SAR ADC is built in Matlab. In the simulation, standard deviations of the unit capacitors of 0.1%, 0.2%, 0.3%and 0.4% are considered to cover as much diverse technologies as possible. Fig. 5 and Fig. 6 present the power spectral density of the ADC output with/without capacitor rearrangement technique, where the input signal is a 106.3 kHz sinusoidal waveform at the full-range reference voltage. When measured at 1 MSample/s without calibration, the ADC achieves a 71.3dB SNDR and a 75.5 dB SFDR over the Nyquist bandwidth with capacitor variation of 0.2%, capacitor rearrangement technique can improve the SNDR from71.3 dB to 79.1 dB and can improve the SFDR from 75.5 dB to 90.7 dB respectively. Fig. 7 , Fig. 8 and Fig. 9 and Fig. 10 show the SFDR and SNDR results based on two switching techniques. A total of 500 Monte Carlo simulations were performed to obtain the minimum, maximum as well as mean value of the SFDR and SNDR. Table I and Table II conclude 500 Monte Carlo SFDR and SNDR simulation results, which show that 10 dB of improvement about SFDR and 5 dB of improvement about SNDR can be obtained in every case.
V. CONCLUSION
Capacitor mismatch calibration for SAR ADCs was proposed, simulation results show that the mean value of SNDR can be improved from 73.7 dB to 78.7 dB and the mean value of SFDR can be improved from 79.4 dB to 89.6 dB with σ u =0.2% by using the proposed technique. FFT simulation results for 14-bit SAR ADC with respectively Conventional and rearrangement technique with σu=0.3% (left) and σu=0.4% (right). 
